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Òåîðåòè÷åñêàÿ è ýêñïåðèìåíòàëüíàÿ îöåíêà ðàáî÷èõ õàðàêòåðèñòèê
ãàçîâîãî äâèãàòåëÿ âíóòðåííåãî ñãîðàíèÿ è ïàðàìåòðîâ óñòàëîñòíîé
äîëãîâå÷íîñòè åãî ïîðøíåé ñ ïîìîùüþ ìîäèôèöèðîâàííûõ
óñòàëîñòíûõ êðèòåðèåâ
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Ïðåäñòàâëåíà ñèñòåìàòèçèðîâàííàÿ ìåòîäèêà òåîðåòè÷åñêîé îöåíêè ðàáî÷èõ õàðàêòåðèñòèê
ãàçîâîãî äâèãàòåëÿ âíóòðåííåãî ñãîðàíèÿ è ïàðàìåòðîâ óñòàëîñòíîãî ðàçðóøåíèÿ åãî ïîðø-
íåé è âûïîëíåíà åå ýêñïåðèìåíòàëüíàÿ âåðèôèêàöèÿ ïóòåì íàòóðíûõ èñïûòàíèé äâèãàòåëÿ.
Ìåòîäèêà âêëþ÷àåò â ñåáÿ ìîäåëèðîâàíèå ïðîöåññîâ âíóòðåííåãî ñãîðàíèÿ è òåïëîïåðåäà÷è,
êèíåìàòè÷åñêèé è äèíàìè÷åñêèé àíàëèçû äâèæóùèõñÿ ÷àñòåé äâèãàòåëÿ, àíàëèç ïåðåõîäíîãî
òåðìîóïðóãîãî ïðîöåññà è óñòàëîñòíîãî ðàçðóøåíèÿ ïðè êîìïëåêñíîì òåðìîìåõàíè÷åñêîì
íàãðóæåíèè. Ðàñ÷åòíûå çíà÷åíèÿ äàâëåíèÿ è òåìïåðàòóðû äëÿ ðàçëè÷íûõ óãëîâ ïîâîðîòà
êðèâîøèïíî-øàòóííîãî ìåõàíèçìà õîðîøî ñîãëàñóþòñÿ ñ ýêñïåðèìåíòàëüíûìè äàííûìè. Ðå-
çóëüòàòû ðàñ÷åòà õàðàêòåðèñòèê òåïëîïåðåäà÷è ïîäòâåðæäàþòñÿ äàííûìè ýêñïåðèìåí-
òàëüíûõ èçìåðåíèé ñ ïîìîùüþ òåðìîäàò÷èêîâ Templugs. Äâèæóùàÿñÿ ñèñòåìà ñ÷èòàåòñÿ íå
äèñêðåòíîé, à íåïðåðûâíîé ñ òî÷íî ìîäåëèðóåìûìè íåëèíåéíûìè ìíîãîòî÷å÷íûìè êîíòàêò-
íûìè ðåàêöèÿìè. Ïðè ðàñ÷åòàõ óñòàëîñòíîé äîëãîâå÷íîñòè èñïîëüçóþòñÿ ìîäèôèöèðîâàí-
íûå êðèòåðèè Ìàê-Äèàðìèäà è Ôèíäëè äëÿ ìíîãîöèêëîâîé óñòàëîñòè, ïðåäëîæåííûå îäíèì
èç àâòîðîâ ýòîé ðàáîòû. Âûïîëíåíà èõ âåðèôèêàöèÿ ñ ïîìîùüþ ýêñïåðèìåíòàëüíûõ äàííûõ.
Ìåòîäèêà ìîæåò èñïîëüçîâàòüñÿ äëÿ îöåíêè öåëåñîîáðàçíîñòè ïðåîáðàçîâàíèÿ áåíçèíîâîãî
äâèãàòåëÿ â ãàçîâûé. Ðàñ÷åòíûå äàííûå î ðàçëè÷íûõ óñòàëîñòíûõ õàðàêòåðèñòèêàõ, ïîëó÷åí-
íûå ïðè òåðìîìåõàíè÷åñêîì íàãðóæåíèè, ïîäòâåðæäàþò òî÷íîñòü ïðåäëîæåííûõ êðèòåðèåâ
óñòàëîñòè è ïîêàçûâàþò, ÷òî ñðîê ñëóæáû ïîðøíÿ äâèãàòåëÿ âíóòðåííåãî ñãîðàíèÿ ñóùåñò-
âåííî óìåíüøàåòñÿ, åñëè âìåñòî áåíçèíà èñïîëüçóåòñÿ ïðèðîäíûé ãàç.
Êëþ÷åâûå ñëîâà: ìîäåëèðîâàíèå âíóòðåííåãî ñãîðàíèÿ, äèíàìè÷åñêèé àíàëèç,
äâèãàòåëü, ïîðøåíü, óñòàëîñòíîå ðàçðóøåíèå, ýêñïåðèìåíò.
Introduction. Due to fuel and pollution crises encountered in the two past
decades and serious worries about the future of the petroleum resources, remarkable
researches recently have been performed to replace the gasoline by more reliable or
more economic fuels. In some countries, researchers have proposed using the
natural gas, e.g., in the form of compressed natural gas (CNG), as an alternative
© M. SHARIYAT, S. A. JAZAYERI, J. FATHI SOLA, 2012
124 ISSN 0556-171X. Ïðîáëåìû ïðî÷íîñòè, 2012, ¹ 4
fuel. Due to different combustion characteristics, employing different fuels in the
gasoline-based engines leads to some side effects such as performance degradation,
increases in the thermal losses, emission, and lower fatigue lives for the components.
Therefore, predicting the consequences is a vital task in the design stage. Piston as
a key component of the engine that is vulnerable to severe cyclic and transient
thermal and mechanical loads can be directly affected by the mentioned conversion
[1, 2].
While some researchers modeled the combustion process [3], some researchers
have investigated the thermoelastic stresses caused by the combustion process.
Ivashchenko et al. [4] studied the stresses in a piston of a diesel engine. They
employed an analytical method on the base of solving Laplace’s equation to
determine the von Mises equivalent stresses in specific regions of the piston,
assuming a quasi-static condition. Scholz and Bargende [5] presented a three
dimensional thermomechanical stress analysis of the piston, employing simultaneous
computational fluid mechanics and finite element analyses. The nonlinear contact
constraints have also been modeled but no experimental validation or data has been
used. They calculated the velocities, accelerations, and stresses in distinct situations
(crank angles of 45, 135, 225, and 315). They reported that the maximum von
Mises equivalent stress occurred at 135 crank angle at regions in contact with the
gudgeon pin. Valdés et al. [6] performed velocity, acceleration, and finite element
transient thermal and stress analyses for the piston, fixing some node point instead
of modeling the contact constraints or using rigid links. For this reason, the stresses
were unreliable in the neighborhood of the constrained nodes. They reported the
equivalent stresses for the 720 of the crank shaft rotation.
Some researches were devoted to fatigue life assessment under thermo-
mechanical loads. Su et al. [7] performed a thermoelastic high cycle fatigue and
creep analyses in ABAQUS for the engine cylinder head and validated their stress
analysis results by means of some installed strain gauges. Silva [8] analyzed
thermomechanical damage fatigues in the pistons. Based on his studied on
fatigue-damaged pistons, he stated that the wear, temperature gradient, and fatigue-
related phenomena are the main origins of the pistons damages. He reported that
the regions located at the pin holes, piston crown, grooves and skirt, are more
critical. A finite element linear static analysis, using COSMOS was used for stress
and temperature determination during the combustion. However, a damage analysis
rather than a life assessment analysis has been performed.
In the present paper, a systematic algorithm for evaluating effects of converting
a gasoline-based engine to a bifuel one on the fatigue life of the piston under the
combustion thermomechanical loads. The combustion model presented previously
by Jazayeri et al. [9–14], is enhanced and employed to model the combustion
process for the mentioned fuels. Based on the calculated combustion pressures,
temperatures and the non-uniform convection heat transfer coefficients, the
combustion thermomechanical loads, the piston pin load, and the frictional and
inertia forces are calculated for the gasoline and the natural gas fuels. In the stress
analysis stage, higher-order Lagrangian elements are adopted to avoid stress
discontinuity in the mutual boundaries of the elements. Since the available fatigue
theories have been mainly proposed to check whether or not a component have
infinite life, the fatigue lives are calculated by the modified Findley and McDiarmid
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criteria proposed recently by Shariyat [15–18]. The fatigue lives are computed
based on simulation of the standard durability tests, at the critical points of the
piston. Various engineering softwares have been used to prepare the CAE and
theoretical results. Finally, the temperatures, pressures, and the fatigue lives are
compared with the experimental ones.
1. Simulation of the Combustion Process. Accurate modeling of the
combustion process is a key issue for accurately comparing the engine performance
in the two cases of utilizing gasoline and natural gas fuels and subsequently, for
estimating the fatigue lives. In this regard, the combustion is modeled for the inline
four-cylinder spark-ignited (SI) gasoline-based engine, in our computer code. The
relevant engine information is listed in Table 1. Two modeling procedures are
customary: (i) a closed system which models the compression and combustion
stages, and (ii) an open system which covers all the stages. In the present research,
the second model is used.
Information of the gasoline and the natural gas is given in Table 2. The
combustion equations of the gasoline and the natural gas in the stoichiometric
condition are as indicated in Eqs. (1) and (2):
CNG O N CO H O N     
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x x
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T a b l e 1
Specifications of the Considered Engine
Quantity Value
Cylinder diameter 78.6 mm
Stroke 85 mm
Connecting rod length 134.5 mm
Piston eccentricity 0.8 mm
Compression ratio 11
Cylinder volume 1650 cm3
Maximum RPM 6000
Distance between the piston pin and the C.G. of the connecting rod 40.9 mm
Engine cylinder head heat transfer area 6800 mm2
Piston mass 0.317 kg
Connecting rod mass 0.5 kg
Inertia moment of the connecting rod 0.001738 kg m 2
Height of the piston 51.7 mm
Location of the piston hole relative to the top surface 29.7 mm
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A two zone Vibe function is used to simulate the combustion. Crank angles
corresponding to the combustion initiation and the maximum pressure are measured
experimentally and given in Table 3. Since a full fatigue analysis requires the
accurate and full time history of the applied thermomechanical loads, the combustion
process is simulated for different rpms. The real to stoichiometric fuel ratio
measured through the experiments and used in the combustion analysis is given in
Table 4 for different rpms. Combustion is modeled using quasi dimensional
models. In this regard, a two zone model is adopted and analyzed in our computer
code. The heat release is evaluated using the same software considering a two zone
Vibe model [19]. The delay in the combustion initiation is predicted based on
Benson–Whitehouse model [20]. Heat transfer of the combustion chamber is
investigated based on the modified Woschni’s model [19]. The governing equations
of the mean temperature, the mean convection heat transfer coefficient, and the
rates of pressure and energy release per crank angle may be found using the first
law of thermodynamics. These data are employed to perform the required heat
transfer analyses. The theoretically determined temperature distributions are validated
by the experimental results measured by the high temperature plugs (templugs).
The procedure is somewhat similar to that explained in [9–14] but the engine
information and the combustion circumstances are quite different. The resulted
partial differential equations are solved employing the Runge-Kutta time integration
method.
T a b l e 2
Information of the Gasoline and the Natural Gas
Fuel type Chemical formula Molecular weight (kg) QLHV , MJ/kg
Gasoline C1.0453H3.961O0.02N0.09 114.82 44.00
Natural gas C8.26H15.5 18.13 44.98
Note. QLHV is the low heating value of the reference fuels used.
T a b l e 3
The Measured Crank Angles (deg) Corresponding to the Combustion Initiation
and the Maximum Pressure at the Full Load Condition [21]
Engine rpm Ignition advance (BTDC) Maximum pressure angle (ATDC)
Gasoline Natural gas Gasoline Natural gas
2000 5 23 32.0 14
3500 15 26 19.5 11
6000 14 31 21.0 8
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2. Kinematic, Dynamic, Force, Thermal, and Thermoelastic Stress Analyses.
Determination of the exerted forces is a vital stage for stress analysis of the
components. In the present research, the forces are determined based on the prepared
Matlab code based on the texts [22], our computer code and the ABAQUS CAE
software, through exactly modeling the contact and large deformations nonlinearities.
The employed geometric parameters are shown in Fig. 1. The frictional forces
including the boundary, mixed, and hydrodynamic ones are taken into account. In
contrast to the traditional calculations, effect of the distributed inertia forces is
considered in the present work. Moreover, relative movement of the piston rings in
their grooves is also modeled. The unknown forces have been determined based on
employing the relevant force and moment equilibrium equations, taking into
account D’Alembert’s inertia forces and moments of the piston and the connecting
rod.
T a b l e 4
Real to Stoichiometric Fuel Ratio for Different RPMs
Engine rpm Natural gas Gasoline
1250
1500
2000
2500
3000
3500
4000
4500
5000
5500
6000
0.962
0.962
0.968
0.965
0.970
0.965
0.960
0.968
0.970
0.965
0.965
0.895
0.900
0.900
0.905
0.900
0.895
0.905
0.905
0.875
0.850
0.800
Fig. 1. Geometric parameters of the crank-piston mechanism for the kinematic and force analyses.
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Based on the convection heat transfer between the piston’s top surface and
the combustion mixture, heat transfer between the rings and the skirt and the
cylinder and subsequently, the coolant water, the heat transfer between the gudgeon
pin and the coolant oil film, and the thermal loads of the piston are determined.
Finally, a thermoelastic stress analysis is performed.
3. The Fatigue Life Assessment Algorithm. As may be expected, the resulting
thermoelastic stress components vary in a non-proportional manner. Furthermore,
they fluctuate with non-zero mean stresses. Therefore, the traditional fatigue life
assessment criteria as well as the available critical plane high cycle fatigue (HCF)
criteria may lead to unreliable results. Very comprehensive discussions have been
already published by Shariyat [15–18] in this regard. Although the traditional von
Mises criterion that is the base for many well-known fatigue analysis softwares,
such as MSC Fatigue and FEMFAT, may lead to erroneous results in the mentioned
circumstances, its results may be enhanced by employing Sine’s idea of the mean
stress [23] and incorporating the mean stress effect, using Goodman, Gerber, or
Soderberg relations:
Goodman’s linear relation:




a
N
m
u
 1, (3)
Gerber’s parabola:


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a
N
m
u





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Soderberg’s linear relation:




a
N
m
Y
 1, (5)
where  a , m ,  N , Y , and  u are the amplitude, mean stress, equivalent
reversible (fatigue strength), yield, and ultimate stresses, respectively.
Among the so-called two-parameter or critical plane criteria, Fidley’s and
McDiarmid’s criteria have been proven to be more accurate and subsequently most
popular ones [24]. Findley’s criterion may be expressed as [25]:
( ) ,max( , , )    a nk f  (6)
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R R
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 
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2 1
1 1
1 1
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According to this criterion, the critical plane is a plane where max ( ), , ,    t a nk
occurs. Here  , , and  are the Eulerian angles and t denotes the time. Values
 a and  n are the shear stress amplitude and the normal stress component,
respectively, and  R is the fatigue strength amplitude corresponding to the
specified (R min max) ratio. Based on the Goodman and Gerber mean stress
correction factors, it may be expressed as:
ISSN 0556-171X. Ïðîáëåìû ïðî÷íîñòè, 2012, ¹ 4 129
Theoretical and Experimental Evaluation of Performance of a CNG Engine ...
Modified Goodman’s linear equation:
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Gerber’s equation:
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where R is the ratio of the minimum to maximum stress values, and  R is the
relevant fatigue strength amplitude. Since minus and plus mean stresses appear
with similar effects in Gerber’s equation, Goodman’s equation is used in the
present research to account for the mean stress effect.
Recently, Shariyat [15, 16] has proposed a modified Findley’s criterion as
      eq t a n R Rk k   max ( ) ( )., , , 1
2
1 (9)
Modifications were proposed taking into account several parameters among them,
the mean stress effect.
McDiarmid used the concept of type A and type B cracks introduced by
Brown and Miller [26] to develop his linear criterion [27–29]:
 
a n t
k f ( ) ,max ( ) (10)
k f A B u ( ) , or 2 f f A B ( ) , or
where  u is the ultimate strength and  f is the fatigue shear strength. According
to this criterion, at the critical plane, max ( ), , ,   t a is achieved. Therefore, two
limit cases (upper and lower limits) are predicted.
Recently, Shariyat [15, 16] has proposed a modified McDiarmid’s criterion in
the following form:
    
eq a n t R R
k  [ ( ) ] ,max ( ) 1 k
R R
m R



2 
 
. (11)
As the modified Findley criterion, modifications were performed taking into
account several considerations (not only the mean stress effect).
The fatigue life assessment algorithm is explained in details in [16] and the
related flow diagram is illustrated in Fig. 2. One of the motivations of the present
research is comparing results of the modified traditional fatigue criteria that are
commonly used in the engineering analysis softwares, the modified fatigue criteria
of the first author, and the experimental results.
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4. Results. Properties of the gasoline vary with temperature. Since temperature
of the fuel varies during the 720 of the crank rotation (one combustion cycle), the
following equation is used to predict the properties values at any specified
temperature:
C Af Af T Af T Af T Af Tp fuel     1 2 3
2
4
3
5
2 . (12)
The coefficients Af 1 to Af 5 are given in Table 5 [29]. While properties of the air
may be determined based on the available references, variations of the combustion
products may be determined based on the following equation (T 100) [30]:
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Property of the exhaust gases may be determined from:
C
C C C C
p
p p p p
pollutant 
  
 
N H O CO O2 2 2 2
8 26 15 5 2 45 627. . . 6
. (14)
Fig. 2. Flow chart of the employed fatigue life assessment algorithm.
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Figures 3 and 4 compare the pressure of the combustion mixture versus the
crank angle curves predicted by the theoretical results (results of our computer
code) with those measured experimentally for the gasoline and CNG fuels, for
3500 rpm (corresponding to the maximum torque) and 6000 rpm (corresponding to
the maximum power), respectively. The theoretical results are in a good agreement
with the experimental results. Furthermore, comparing results appeared in Figs. 3
and 4 reveal that replacing the gasoline with the natural gas may lead to a slight
change in the resulted pressure profile in the 3500 rpm, the difference will be
significant in the 6000 rpm. Therefore, the engine acceleration will be affected
remarkably.
Figures 5 and 6 illustrate variations of the computed temperature of the
combustion mixture and the coefficient of the heat convection of the top surface of
the piston, with the crank angle at 6000 rpm, respectively. Since the temperature
distributions are somewhat identical, due to higher coefficient of the convection
heat transfer, it seems that the thermal losses may be higher for the CNG fuel.
Figures 7 and 8 illustrate the vertical and horizontal components of the
resultant forces exerted on the piston, respectively for the gasoline and CNG fuels
at 3500 and 6000 rpm. As it may be noted from Figs. 7 and 8, the maximum forces
are exerted slightly after the combustion initiation. Furthermore, the vertical
T a b l e 5
Coefficients of the Temperature-Dependency of the Material Properties of the Fuel [21]
Fuel Weight Afs Af1 Af2 Af3 Af4 Af5 Af6
C8.26H13.1 114.82 14.64 24.078 256.63 201.68 64.750 0.5808 27.562
C7.26H13.1 106.60 14.37 22.501 277.99 177.26 56.048 0.4845 17.578
Fig. 3. In-cylinder pressure variations versus crank angle for a set of theoretical and experimental
results using gasoline and natural gas at 3500 rpm.
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component is the dominant one. Variations of the translational acceleration of
piston are depicted in Fig. 9, for the gasoline fuel. Variations of the frictional force
are shown in Fig. 10 for the thrust side of the piston’s skirt, at 3500 and 6000 rpm
for the gasoline and CNG fuels. As it may be readily seen, the frictional forces at
the top dead centre (TDC) and bottom dead center (BDC) are of a boundary nature
[31] and are subsequently, high whereas at the midway point, the friction is of a
hydrodynamic nature and leads to small frictional forces.
Fig. 4. In-cylinder pressure variations versus crank angle for a set of theoretical and experimental
results using gasoline and natural gas at 6000 rpm.
Fig. 5. Comparison of the mixture temperature for the gasoline and CNG fuels at 6000 rpm.
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The finite element analysis (FEA) model of the piston has been constructed in
Hypermesh software. Optimized second-order Lagrangian elements are adopted to
avoid abrupt jumps in the stress components at the mutual boundaries of the
elements. The FEA model is validated through a modal analysis in the NASTRAN/
PATRAN software. The proper size of the element is chosen based on a convergence
analysis. After accurately defining of the contact regions (between the piston and
the cylinder and between the piston hole and the gudgeon pin) and constraints, the
inertial, frictional, and the thermomechanical combustion loads obtained in the
foregoing steps are imposed. The inertia relief method is employed. In the contact
region of the rings, skirt, and pin of the piston, the mean temperature of the
lubricant film and the proper coefficients of the convection heat transfer are used.
Fig. 6. Comparison of the coefficients of the convection heat transfer for the gasoline and CNG fuels
at 6000 rpm.
Fig. 7. A comparison among the vertical component of the resultant force exerted on the piston at
3500 and 6000 rpm for the gasoline and CNG fuels.
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Fig. 8. A comparison among the horizontal component of the resultant force exerted on the piston at
3500 and 6000 rpm, for the gasoline and CNG fuels.
Fig. 9. Variations of the translational acceleration at 3500 and 6000 rpm.
Fig. 10. Variations of the frictional force for the thrust side of the piston’s skirt at 3500 and 6000 rpm
for gasoline and CNG fuels.
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Figure 11 illustrates the temperature distribution of the piston at 6000 rpm for both
gasoline and CNG fuels, as a typical result. The temperature distribution has been
validated experimentally by means of TEMPLUGs shown in Fig. 12. The relevant
von Mises equivalent stresses are shown in Fig. 13, for the most critical situation
(370 of the crank angle) at 6000 rpm for the CNG fuel, as representative results.
The maximum calculated temperature is 252C which shows a good agreement
with the result measured by the templugs (249C).
a b
c d
Fig. 11. Temperature distribution in 6000 rpm for the (a, b) gasoline and (c, d) CNG fuels.
Fig. 12. The temperature plugs used to validate the computed temperatures.
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Results shown in Fig. 13 reveal that the stresses are more critical in the
neighborhood of node No. 707 of Fig. 14. Regions located in the neighborhood of
node No. 7200 experiences the maximum pure thermal von Mises stress. Although
regions with greatest von Mises equivalent stress may not be generally considered
as regions with worst fatigue lives, fatigue results obtained by the MSC Fatigue
a
b
Fig. 13. Distribution of the: (a) mechanical and (b) thermal von Mises stresses at 6000 rpm and 370
crank angle, for the CNG fuel.
Fig. 14. Orientations of the most critical regions.
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software have also confirmed that for the considered conditions, regions located
around node points Nos. 707 and 7200 are most critical. Time variations of the
equivalent stresses of the piston are mainly due to variations of the mechanical
stresses. Variations of the von Mises equivalent mechanical stress of nodes Nos. 707
and 7200 are depicted in Figs. 15 and 16 for a complete combustion cycle of the
gasoline as well as CNG fuels, for 3500 and 6000 rpm. From these figures, it may
be deduced the maximum and minimum stresses occurs at crank angles of 370 and
1 , respectively. For this reason, regions in the neighborhood of node No. 707 are
adopted as critical ones.
Fig. 15. Variations of the von Mises equivalent mechanical stress of node No. 707 for the complete
combustion cycle of the gasoline as well as CNG fuels at 3500 and 6000 rpm.
Fig. 16. Variations of the von Mises equivalent mechanical stress of node No. 7200 for the complete
combustion cycle of the gasoline as well as CNG fuels at 3500 and 6000 rpm.
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As it has been mentioned in Section 3, in the present research, the fatigue life
results are extracted based on the modified von Mises, modified version of the
Findley and McDiarmid theories proposed by Shariyat, and the experimental
methods. The employed fatigue life assessment algorithm has not been proposed
by any other authors before. The equivalent Findley and McDiarmid stresses (Eqs.
9 and 11) are computed at the critical points of the piston and the relevant fatigue
lives have been calculated based on computer codes written by the authors, for the
720 of the crank rotation. Some fatigue damages predicted by different
approaches, various engine rpm and fuel types are shown in Table 6 for regions
surrounding nodes Nos. 707 and 7200, as typical results. As it may be noted from
results of Table 6, node No. 707 is the most critical node.
T a b l e 6
Fatigue Damages Predicted by Different Approaches for Regions Surrounding Nodes
Nos. 707 and 7200 for Various RPMs
Fatigue life assessment approach No. node 750 rpm 3500 rpm 6000 rpm
von Mises
(Goodman mean stress correction)
707 10018 10
4 8383 10
13
13
.
.




21316 10
5 8102 10
10
10
.
.




16211 10
3 5025 10
11
9
.
.




7200 10602 10
11319 10
17
16
.
.




6 7149 10
6 3760 10
13
12
.
.




10102 10
2 8745 10
13
11
.
.




von Mises
(Gerber mean stress correction)
707 4 3994 10
2 6188 10
14
13
.
.




6 3924 10
16768 10
11
10
.
.




5 6012 10
19938 10
12
9
.
.




7200 9 2547 10
10597 10
18
17
.
.




3 5331 10
3 3628 10
13
12
.
.




5 7755 10
12537 10
14
11
.
.




von Mises
(Soderberg mean stress correction)
707 18844 10
4 9675 10
13
12
.
.




7 2651 10
21891 10
10
9
.
.




4 1897 10
9 3645 10
11
9
.
.




7200 13290 10
15282 10
17
16
.
.




10548 10
9 9942 10
12
12
.
.




14765 10
5 4480 10
13
11
.
.




Modified Findley 707 14897 10
6 0455 10
14
14
.
.




7 4480 10
7 9051 10
12
12
.
.




9 0612 10
81219 10
13
11
.
.




720 2 2317 10
3 6071 10
19
17
.
.




11870 10
7 2067 10
14
14
.
.




3 3429 10
13436 10
15
12
.
.




Modified McDiarmid 707 7 0654 10
12416 10
15
13
.
.




2 5676 10
5 9044 10
12
11
.
.




31148 10
18382 10
13
10
.
.




7200 6 3715 10
9 3908 10
18
16
.
.




18248 10
14798 10
13
14
.
.




15411 10
10742 10
16
12
.
.




FEMFAT software 707 6 74 10
2 80 10
14
14
.
.




6 90 10
7 22 10
12
11
.
.




9 31 10
110 10
13
10
.
.




7200 5 80 10
120 10
19
18
.
.




214 10
7 80 10
16
16
.
.




181 10
6 00 10
18
14
.
.




Note. Here and in Table 9: the data cited over the line correspond to gasoline and under the line – to
CNG.
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As a second stage, two standard histograms are adopted to simulate the
service thermomechanical loads and extract the fatigue results. The corresponding
block programs are given in Tables 7 and 8. The corresponding fatigue test
conditions are also specified in the mentioned tables. The first standard block
program is corresponding to the so-called 800 h durability under mechanical loads
test whereas the second one is associated with the so-called 400 h durability under
thermal loads test.
As it has been mentioned before, the most critical regions of the piston are the
pin hole, piston’s crown, and piston’s skirt (at the thrust side) (precisely, regions
located in the neighborhood of node points Nos. 707 and 7200). The reliability
contours obtained by FEMFAT software and illustrated in Fig. 17, confirm this
conclusion.
Table 9 summarizes the normalized fatigue results. The results are normalized
by dividing them by the experimental results. It is known that in non-proportional
loadings, von Mises criterion usually leads to results that are extremely conservative
[23]. In the present analysis, von Mises criterion is modified using Goodman,
Gerber, and Soderberg mean stress corrections. Although modified von Mises
criterion has been employed in the present research, the relevant results show
significant errors. Results of Table 9 reveal that employing Gerber and Soderberg
mean stress corrections leads to most and least accurate results for the von
Mises-type criteria. Furthermore, results of Table 9 reveal that modified McDiarmid
and Findley criteria lead to more accurate results with the modified Findley
criterion regenerates the experimental results more accurately. Moreover, an
interesting conclusion may be deduced from results of Table 9: although absolute
life values predicted by various theories show remarkable discrepancies, the
comparative results (e.g., the relative lives of the CNG and gasoline engines), may
T a b l e 7
Block Program of the 800 h Mechanical Engine Durability Test
Event
order
Duration
(min)
Engine speed
(rpm)
Load spec. Outlet coolant
water temperature
(C)
Maximum oil
temperature
(C)
1 5 6000 rated power 90+3 140
2 4 2000 BMEP = 2 bar
3 5 3500 max torque
4 1 750 low idle
T a b l e 8
Block Program of the 400 h Thermal Engine Durability Test
Event
order
Duration
(min)
Engine speed
(rpm)
Load spec. Outlet coolant water
temperature (C)
1 9.5 6000 rated power 90+3
2 4.5 750 low idle 30+10
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T a b l e 9
Normalized Fatigue Lives (by Dividing the Original Results to the Experimental Ones),
Predicted Based on Various Theories for the So-Called 800 h Durability Tests
Approach Normalized
fatigue damage
Normalized
fatigue life
Normalized gasoline
to CNG engines
von Mises (Goodman’s
mean stress correction)
30 9
318
.
.
29 048
23 568
.
.
16.40
von Mises (Gerber’s
mean stress correction)
9 26
1810
.
.
8 730
12 630
.
.
31.20
von Mises (Soderberg’s
mean stress correction)
105 0
851
.
.
96 825
91457
.
.
12.90
Modified Findley 1080
0 738
.
.
1064
0 519
.
.
10.90
Modified McDiarmid 0 372
1670
.
.
0 365
1685
.
.
7.16
Experimental 10
10
.
.
10
10
.
.
15.90
Fig. 17. Reliability contours of the piston derived by the FEMFAT software for the CNG fuel
(6000 rpm).
T a b l e 1 0
Ratio of the Fatigue Lives Predicted Based on Various Theories (400 to 800 h Test Results)
Approach Ratio of the fatigue lives
(400 to 800 h test results)
von Mises (Goodman’s mean stress correction) 0.892473
von Mises (Gerber’s mean stress correction) 0.840246
von Mises (Soderberg’s mean stress correction) 0.888942
Modified Findley 0.84
Modified McDiarmid 1.022222
Experimental 1.208955
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show acceptable deviations from the experimental comparative results. It is evident
that the experimental results have been calculated based on mean values of results
obtained from numerous fatigue tests with identical conditions. Ratio of the fatigue
lives of the two types of the durability tests predicted based on various theories
(400 to 800 h test results) are given in Table 10. As it may be seen, results of the
modified McDiarmid criterion are closer to the experimental ratio.
a
b
c
Fig. 18. Some of the observed piston’s defects during the fatigue tests: (a) destruction of the piston
crown in the so-called 800 h durability test, (b) destruction of the piston trust side of the skirt in the
so-called 800 h durability test, and (c) destruction in the piston’s pin hole in a so-called 400 h
durability test.
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Fatigue failures have been detected based on visual NDT techniques, e.g., spot
check for micro-crack detection. Some of the defects occurred for the piston
through the fatigue tests are shown in Fig. 18.
Conclusions. In the present research, a systematic performance and fatigue
analysis procedure is presented for the pistons with an emphasis on employing and
validating the three-dimensional multiaxial random fatigue criteria recently proposed
by the first author. These analyses are vital, e.g., when upgrading a gasoline-based
engine to a CNG engine. In this regard, results of the enhanced traditional theories
and the recently proposed theories have been compared with the experimental
results for a part with complicated geometry, boundary conditions, and loading
conditions. The customary method of verifying the results by means of simple
specimens, and simple boundary and loading conditions may not guarantee
validation of the results in more complex conditions. The obtained results for the
combustion temperatures and pressures, the temperature distributions, and the
fatigue life results obtained by the recently proposed critical plane-type criteria of
the first author, have a good agreement with the experimental results.
Acknowledgments. The authors would like to thank IPCO Engine Research
Company for its cooperation in extracting the experimental data.
Ð å ç þì å
Ïðåäñòàâëåíî ñèñòåìàòèçîâàíó ìåòîäèêó òåîðåòè÷íî¿ îö³íêè ðîáî÷èõ õàðàê-
òåðèñòèê ãàçîâîãî äâèãóíà âíóòð³øíüîãî çãîðÿííÿ ³ ïàðàìåòð³â óòîìíîãî
ðóéíóâàííÿ éîãî ïîðøí³â òà âèêîíàíî ¿¿ åêñïåðèìåíòàëüíó âåðèô³êàö³þ øëÿ-
õîì íàòóðíèõ âèïðîáóâàíü äâèãóíà. Ìåòîäèêà âêëþ÷àº ìîäåëþâàííÿ ïðîöå-
ñ³â âíóòð³øíüîãî çãîðÿííÿ ³ òåïëîïåðåäà÷³, ê³íåìàòè÷íèé ³ äèíàì³÷íèé àíàë³çè
ðóõîìèõ ÷àñòèí äâèãóíà, àíàë³ç ïåðåõ³äíîãî òåðìîïðóæíîãî ïðîöåñó é óòîì-
íîãî ðóéíóâàííÿ ïðè êîìïëåêñíîìó òåðìîìåõàí³÷íîìó íàâàíòàæåíí³. Ðîçðà-
õóíêîâ³ çíà÷åííÿ òèñêó ³ òåìïåðàòóðè äëÿ ð³çíèõ êóò³â ïîâîðîòó êðèâîøèïíî-
øàòóííîãî ìåõàí³çìó äîáðå óçãîäæóþòüñÿ ç åêñïåðèìåíòàëüíèìè äàíèìè.
Ðåçóëüòàòè ðîçðàõóíêó õàðàêòåðèñòèê òåïëîïåðåäà÷³ ï³äòâåðäæóþòüñÿ äàíè-
ìè åêñïåðèìåíòàëüíèõ âèì³ðþâàíü çà äîïîìîãîþ òåðìîäàò÷èê³â Templugs.
Ðóõîìà ñèñòåìà ââàæàºòüñÿ íå äèñêðåòíîþ, à íåïåðåðâíîþ ç òî÷íî ìîäåëüîâà-
íèìè íåë³í³éíèìè áàãàòîòî÷êîâèìè êîíòàêòíèìè ðåàêö³ÿìè. Ïðè ðîçðàõóí-
êàõ óòîìíî¿ äîâãîâ³÷íîñò³ âèêîðèñòîâóþòüñÿ ìîäèô³êîâàí³ êðèòåð³¿ Ìàê-
Ä³àðì³äà ³ Ô³íäë³ äëÿ áàãàòîöèêëîâî¿ óòîìè, çàïðîïîíîâàí³ îäíèì ç àâòîð³â
ðàáîòè. Âèêîíàíî ¿õ âåðèô³êàö³þ çà äîïîìîãîþ åêñïåðèìåíòàëüíèõ äàíèõ.
Ìåòîäèêó ìîæíà âèêîðèñòîâóâàòè äëÿ îö³íêè äîö³ëüíîñò³ ïåðåòâîðåííÿ áåí-
çèíîâîãî äâèãóíà â ãàçîâèé. Ðîçðàõóíêîâ³ äàí³ ùîäî ð³çíèõ óòîìíèõ õàðàê-
òåðèñòèê, îòðèìàí³ â óìîâàõ òåðìîìåõàí³÷íîãî íàâàíòàæåííÿ, ï³äòâåðäæó-
þòü òî÷í³ñòü çàïðîïîíîâàíèõ êðèòåð³¿â óòîìè ³ ïîêàçóþòü, ùî òåðì³í ñëóæáè
ïîðøíÿ äâèãóíà âíóòð³øíüîãî çãîðÿííÿ ñóòòºâî çìåíøóºòüñÿ, ÿêùî çàì³ñòü
áåíçèíó âèêîðèñòîâóâàòè ïðèðîäíèé ãàç.
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